Introduction
Nitration is one of the most highly studied organic chemical reactions. Processes based on this reaction have become the most acceptable route for the manufacture of explosives, medicine, pesticides, and other industrial precursors [1] . Traditional aromatic nitration is performed in a "mixed acid pool" containing concentrated sulfuric acid and nitric acid, both of which are not environmentally friendly. With the advances in peroxidase-catalyzed nitration in vivo [2] [3] [4] , Biochemistry researchers have paid more attention on enzymatic nitration in vitro, because nitration catalyzed by peroxidase offers significant advantages over conventional chemical reactions. Enzymatic nitration can be performed in the presence of NaNO [5, 6] . Peroxidase comprises a group of enzymes that catalyze a variety of oxidation reactions, such as radical coupling [7] , oxygenatom insertion [8] , halogenation [9] , and nitration in the presence of nitrite [10] . Of the peroxidases, horseradish peroxidase (HRP) has been studied extensively [11] [12] [13] .
Budde et al. [14] tested several peroxidases as catalysts for nitration of 4-hydroxy-3-methyl acetophenone and found that HRP can efficiently catalyze the nitration of phenols. Dai et al. [15] optimized the parameters of phenol nitration catalyzed by HRP and obtained yields of 4-nitrophenol and 2-nitrophenol of 14% and 12%, respectively, in the enzymatic-catalyzed nitration process.
Non-aqueous enzymatic catalysis is an active field of research; however, the processes constructed so far are rather limited [16] . One of the main reasons for the lack of
The use of peroxidase in the nitration of phenols is gaining interest as compared with traditional chemical reactions. We investigated the kinetic characteristics of phenol nitration catalyzed by horseradish peroxidase (HRP) in an aqueous-organic biphasic system using n-butanol as the organic solvent and NO as substrates. The reaction rate was mainly controlled by the reaction kinetics in the aqueous phase when appropriate agitation was used to enhance mass transfer in the biphasic system. The initial velocity of the reaction increased with increasing HRP concentration. Additionally, an increase in the substrate concentrations of phenol (0-2 mM in organic phase) or H success is that many organic substrates are insoluble in aqueous media [17] . For overcoming this limitation, several researchers have contributed to the development of an aqueous-organic co-solvent system [14] . The high concentration of substances, such as substrates, products, or the solvent in the system, can markedly inhibit or inactivate the enzyme, leading to lower biocatalysis efficiency [18] . One possible solution is the use of an aqueous-organic biphasic system [16] . When the biphasic system is stirred or shaken appropriately, the enzyme-catalyzed reaction occurs in the aqueous phase and complies with the Michaelis-Menten kinetics exhibited in an aqueous system [19] . The biphasic system not only increases the solubility of hydrophobic substrates, but also minimizes inhibition of the biocatalyst by the organic substances, as the reaction occurs in the aqueous phase where the concentrations of substrates, products, and solvents are low.
To design an efficient reaction system and improve the transformation efficiency of enzymatic nitration, especially for further large-scale uses, it is critical to illustrate the mechanisms and kinetics of enzymatic nitration [20, 21] . HRP-catalyzed nitration of phenol could be represented by the following total Eq. (1), where one-electron oxidation occurs in the process (Fig. 1) [22, 23] . With coupling of phenoxy radicals and nitrogen dioxide generated in the process, the nitrophenol derivatives are produced with the nitro group in the ortho or para position of the phenol [24] .
(1)
Although there have been several reports on the enzymatic nitration of phenols in vitro [15, 25] , little is known about the nitration kinetics and kinetic models, especially for a biphasic system. In this paper, kinetic study on the enzymatic nitration of phenol was performed in a biphasic system. We investigated the effects of the biphasic system on enzymatic nitration, and proposed a ping-pong kinetic model based on the nitration mechanism. We evaluated the kinetic parameters and verified the predictive function of the proposed model under the suggested optimal synthesis conditions.
Materials and Methods

Chemicals and Reagents
HRP (300 U/mg) was obtained from MYM Biotechnology Co.,
(30% aqueous solution), sodium nitrite, and n-butanol were purchased from Beijing Chemical Reagent Co., Ltd (China). Phenol, 2-nitrophenol, and 4-nitrophenol were of GC-grade and were obtained from Aladdin Industrial Inc. (China). Methanol and acetonitrile for high-performance liquid chromatography (HPLC) were purchased from Fisher Scientific (China). Milli-q water was used throughout the study.
Enzymatic Nitration of Phenol
Enzymatic nitration of phenol was carried out in a 50 ml conical flask with a working volume of 12.5 ml. The reaction system contained two phases. Phosphate buffer (50 mM, pH 7.0) was used as the aqueous phase containing 100 mM NaNO , and HRP. n-Butanol was used as the organic phase containing phenol [14] . The flask was incubated at 25°C with agitation in a thermostated shaker provided by Shanghai Zhicheng Analytical Instrument Manufacturing Co., Ltd (China). HRP (5 μg/ml in aqueous phase) was added to initiate the reaction. A volume of 0.5 ml of sample from the organic phase was taken out at different times for analysis. 
HPLC Analysis
The samples taken from the above systems were analyzed on a Shimadzu LC-15C HPLC instrument (Shimadzu, Japan) equipped with a SPD-15C detector (detection wavelength, 254 nm) [24] . The separation was performed on a Kromasil 100-5C18 column (250 × 4.6 mm) maintained at 55°C. The mobile phase was acetonitrile/water (containing 0.1% TFA; 40/60) mixture at 0.5 ml/min and the sample injection was 20 μl. Data were processed with the LC solution software. The concentrations of the substrate and products were estimated using calibration curves that was generated with standards obtained from Aladdin Industrial Inc.
Kinetic Analysis
The apparent steady-state reaction rates of enzymatic nitration were determined from the slope of the initial linear portions of the nitrated product concentration versus time plots. The apparent kinetic parameters were determined on the basis of the Michaelis 
Kinetic Model
The process of HRP-catalyzed nitration of phenol has been identified and involves the steps shown in Fig. 1 [26] . Referring to Fig. 1 , a double-substrate ping-pong model was employed to describe the reaction mechanism. HRP combines with the first substrate to form the enzyme-substrate complex, and then releases the first product and produces the enzyme intermediate (compound I) before the second substrate binds to it.
The proposed model complies with the following assumptions: (i) The reaction was performed isothermally (the experimental flask was placed in a thermostated shaker at 25°C).
(ii) External mass transfer limitations were ignored. Experiments performed at different stirring speeds showed that 165 rpm was sufficient to avert mechanical damage of HRP and avoid external mass transfer resistances. Neglecting external mass transfer limitations is a conventional practice when studying the kinetics of a heterogeneous system [27] .
(iii) The concentration of phenol is much higher than that of the enzyme. This guarantees that the rate-determining step is determined by the enzymatic process.
(iv) The inhibition of enzyme by substrates and products could be ignored, and no enzyme inactivation occurred.
On the basis of the above assumptions, we have the differential equations for the intermediates shown in Fig. 1 
, and k
are the rate constants of the reactions. The total enzyme loading in the reaction system is equal to the sum of all types of enzyme as shown in Eq. (8): ( 8 ) It is assumed that the activity of the enzyme is kept constant throughout the assay, and the enzyme added to the system will be rapidly distributed in the reaction system and will achieve steadystate concentrations. Thus, (9) Therefore, Eqs. (2)- (7) may be simplified and solved to obtain the concentration of various forms of HRP: In the enzymatic reaction, the reduction of E 2 ·PhOH is the ratelimiting step. The initial producing rate of nitrated products can be described as: (15) Substituting Eqs. (10)- (14) into (8) and (15), we obtain the expression of v as follows:
The above equation could be rearranged and expressed as:
( 1 7 ) where the constants V
, and k c a t are defined by
where V represents the turnover number of enzymatic nitration.
Results and Discussion
Effect of Organic Solvent Concentration Enzymatic reactions conducted in mixtures of water and organic solvents are the focus of growing attention [28] . The partial replacement of water by an organic solvent leads to a high dissolved concentration of hydrophobic substrates, resulting in higher product yields. However, when an enzyme is placed in a non-aqueous medium, its native, aqueous-based structure and functions can be altered due to a number of factors [29, 30] . A theoretical kinetic model proposed by Lee and Kim [31] shows that the enzymatic reaction rate in non-aqueous media depends largely on the solubility of the substrates and enzyme hydration. Any variation in the structure or chemical nature of the enzyme upon hydration could change the constants of the kinetic constants [32] . The effect of phenol concentrations with varying concentrations of n-butanol on nitration efficiency was studied in this work. Both MichaelisMenten and Lineweaver-Burk plots (Figs. 2A and 2B) were constructed to estimate the maximum reaction rate (V These results demonstrated that an appropriate concentration of organic solvent is vital for the enzyme catalytic reaction, as a high concentration of n-butanol in the biphasic system lowered the HRP catalytic efficiency.
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Effect of Mass Transfer and HRP Concentration
The aqueous-organic biphasic reaction medium is a heterogeneous system. The enzyme and hydrophobic substrates are mainly distributed in the aqueous phase and the organic phase, respectively [27] , so the influence of mass transfer and diffusion on nitration must be considered. Here, we used mechanical agitation to evaluate the effect of mass transfer on enzymatic nitration. The reaction was performed at an agitation speed of 50-200 rpm. With the purpose of reaching a high concentration of substrate and enhancing product yields, we adopted 40% (v/v) n-butanol as the organic phase [24] . Fig. 3A depicts the effect of agitation speed on HRP-catalyzed nitration of phenol. As the speed increased, the reaction rate gradually increased until the speed reached 100 rpm. This indicated that the influence of mass transfer on the reaction could be ignored at speeds higher than 100 rpm. For the research of nitration kinetics, the agitation speed was set at 165 rpm.
The influence of different concentrations of HRP on nitration is shown in Fig. 3B . The initial velocity of the reaction increased with increasing HRP concentration. This suggested that the effect of mass transfer between two phases on the reaction was not obvious. Instead, the rate of enzymatic reaction was mainly controlled by the reaction kinetics in the aqueous phase. Based on these results, 5 µg/ml HRP was chosen as the appropriate dosage.
Effect of Substrate Concentrations
Substrate effects on nitration were investigated. The concentration of one substrate was maintained constant and the other reactant concentration was altered, and the initial reaction rates were plotted against the concentration of the variable substrate for each group. Fig. 4A shows that the nitration reaction rate significantly increased as the phenol concentration was increased from 0.5 to 2 mM, and then grew slowly. No enzyme inhibition of phenol was observed.
The relationship between the initial reaction rate and concentrations of H substrate to the reaction system must be done with caution [38] . Many studies attempted to redesign the enzyme using site-directed mutagenesis [39] or directed evolution techniques to reduce enzyme inactivation by H 2 O 2 [40, 41] , but these processes are difficult and have had limited success [42] . On the laboratory-scale, enzyme stability could be substantially improved when addition of H 2 O 2 was controlled to maintain it at a low level of concentration [43, 44] . Another technique to reduce enzyme inactivation by high concentration of H 
Kinetic Model and the Parameters
To further understand the catalytic process of HRP, we investigated the qualitative aspects of the reaction and a series of tests was performed (Fig. 4) . The process of HRPcatalyzed nitration using phenol as the substrate was well depicted by typical Michaelis-Menten curves (Fig. 4A) concentrations was confined in a proper range (Fig. 4B) . This indicated that the initial reaction rate depends on the substrate concentration. Then, we applied the Lineweaver-Burk plot method to examine the kinetic behavior of the catalytic reaction of HRP. As shown in Figs. 4C and 4D , generation of the parallel data lines, which are double-reciprocal plots of the initial reaction rate versus the concentration of phenol or H
, implies a feature of the ping-pong mechanism. Next, a model (written as Eq. (17)) was developed to describe the kinetics of enzymatic nitration based on the ping-pong mechanism. The catalytic parameters of Eq. could be expressed as (22) As noted above, HRP-catalyzed nitration follows a pingpong kinetic mechanism. The initial step in the process is the binding of H is also able to generate PhO
• from PhOH and then give rise to nitrophenol, but the former nitration path is faster [26, [45] [46] [47] [48] . When a high concentration of nitrite is used, the steps containing NO 2 • can also be assumed as a very fast reaction, and the whole reaction can be described as a double-substrate (H 2 O 2 and phenol) pingpong mechanism. The graphic illustration of the obtained ping-pong model is depicted in Fig. 5 .
Application of the Kinetic Model
The performance of this prediction model was assessed by additional independent experiments performed according to the suggested reaction conditions of initial buffer pH 7.0, reaction temperature 25ºC, 40% (v/v) n-butanol as organic phase, agitation speed of 165 rpm, and 5 µg/ml HRP. Comparisons of the experimental and calculated results are shown in Fig. 6 . Overall, the model fits the data well, with a relative error that is under 8%, which confirms that the ping-pong model without enzyme inhibition by the substrates that is presented in this work is appropriate to illuminate the kinetic behavior of HRP-catalyzed nitration of phenol.
Many studies have shown that enzymatic nitration is accompanied by side reactions [6, 26] . The PhO • produced can yield dimeric products during the process of peroxidase catalytic reaction. However, the yield of these dimers decreases significantly as NO , and phenol at proper concentrations.
Based on the comparison of the experimental and calculated data, we can conclude that the proposed kinetic model in this study is a reasonable representation of the HRP-catalyzed nitration process and can be used for reaction simulations. Additionally, the developed kinetic model provides a foundation for further comprehensive study of enzymatic nitration kinetics.
In this paper, we investigated the kinetics of HRPcatalyzed nitration of phenol in an organic-aqueous biphasic 
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